Various preventive maintenance (PM) treatments have been employed to restore pavement skid resistance for enhanced safety. This paper investigates the effectiveness of PM treatments using Panel Data Analysis (PDA). PDA investigates the differences of cross-sectional information among treatments, but also the time-series changes within each treatment over time. Panel data with multiple years of friction data for four treatments (thin overlay, slurry seal, crack seal, and chip seal) at various climate, traffic and pavement conditions are obtained from 255 Long Term Pavement Performance (LTPP) testing sections. Both fixed-and random-effects models are developed to evaluate pavement skid resistance performance and to identify the most influencing factors. Results from the PDA models are compared to those from traditional ordinary regression models. Slurry seal is demonstrated to be the most effective treatment. Five factors (precipitation, freezing index, and humidity, traffic, pavement age) are identified to be significant for pavement friction. Fixed-effects panel model is selected for the development of friction prediction models. This study not only demonstrates the capability of PDA for analyzing friction data with cross-sectional and time-series characteristics, but also can assist engineers in selecting the most effective PM treatments for desired level of skid resistance to reduce traffic crashes.
Many research efforts have been conducted to evaluate the most influential factors on surface friction. Cenek (2004) investigated the sensitivity of skid resistance of chip seal surfaces to aggregate and texture characteristics under different traffic loading. Asi (2007) and test realistic behavioral models that cannot be identified using only cross-sectional or time-series data (Washington et al. 2011) . By blending the cross-sectional information reflected in the differences between subjects, and the time-series or within-subject information reflected in the changes within subjects over time, Panel Data Analysis (PDA) has several advantages, such as the capability to adequately account for the presence of heterogeneity and parameters result in inconsistent or meaningless model, over cross-sectional or time-series data models (Madanat et al. 1997; Hsiao 2007; Washington et al. 2011) .
In this paper, PDA is used to investigate the effectiveness of various preservation treatments on pavement skid resistance. The panel data used in this paper are obtained from more than fifty SPS-3 testing sites in the LTPP database, which consists of multiple years of surface friction and relevant data for the four preventive maintenance treatments D r a f t 6 (thin overlay, slurry seal, crack seal, and chip seal) under various climate conditions, traffic levels and pavement performance. Panel models, both fixed-and random-effects models, are developed and compared with the traditional ordinary regression models.
Pavement friction performance for the preventive maintenance treatments is evaluated and the factors that significantly impact pavement skid resistance are identified.
DATA SOURCES
The friction data used in this study are obtained from the LTPP SPS-3 sites. Falling Weight Deflectometer (FWD) is the most commonly used device to evaluate pavement structural adequacy. In this paper, the average deflection values at the center and farthest sensors of FWD measurements are used to represent pavement structural adequacy.
The parameters and their data source tables in the LTPP database are as follows: panel model incorporates heterogeneity among subjects, allowing for subject-specific parameters. There are two major types of panel models: fixed-effects and random-effects.
In the fixed-effects model, subject specific parameters are treated as fixed parameters to be estimated. Fixed-effects regression is the model to use when it is needed to control for omitted variables that differ between cases but are constant over time. However, in the random-effects model, these parameters are treated as random variables from an unknown population (Croissant and Millo 2008) . If it is reasonable enough to believe that some omitted variables may be constant over time but vary between cases, and others may be fixed between cases but vary over time, both types of variables can be contained by using random-effects models. Both fixed-and random-effects models are studied and compared in this research.
The equation of panel models is shown in the following:
Where ‫ݕ‬ ௧ = pavement friction for the ݅th preventive treatments, ‫ݐ‬th time period, ݆th sites; ݅ = subject, preventive treatments (݅ = 1,2, . . . ,5); ‫ݐ‬ = time, year; ݆ = each site, (݆ = 0, . . . , ܰ ௧ ); ܰ ௧ = number of total sites for the ݅th preventive treatments, ‫ݐ‬th time period; ‫ݔ‬ ௧,ଵ = climate variables; ‫ݔ‬ ௧,ଶ = traffic variables; ‫ݔ‬ ௧,ଷ = pavement condition variables; ‫ݔ‬ ௧,ସ = structural adequacy variables; ߝ ௧ = error term for the ݅th preventive treatments, ‫ݐ‬th time period, ݆th sites;
In the fixed-effects model, subject specific variable, ߙ is supposed to be fixed and known parameters, and ߝ ௧ is assumed to vary non-stochastically over ݅ or ‫ݐ‬ making the fixed-effects model analogous to a dummy variable model in one dimension. On the D r a f t 10 contrary, in the random-effects model, ߙ is assumed to be a random variable, which is assumed independently and identically distributed with a mean zero and variance ߪ ఢ ଶ , and ߝ ௧ is assumed to vary stochastically over ݅ or ‫ݐ‬ requiring special treatment of the error variance matrix (Hsiao 1999).
Model Selection Criteria
Several types of alternative models can be used for the model development, including the 
Analysis Results and Model Development
The statistical analysis in this research is based on the programming language of R.
Traditional OLS regression model, which does not consider the heterogeneity across groups or time, is firstly used to model the friction data. Parameter estimates and the corresponding t-statistics for the OLS models are shown in Table 3 . Subsequently, parameter estimates and the corresponding t-statistics for the fixed-effects and random effects models are shown in Table 4 and the random-effects model is inconsistent, and thus the fixed-effects model is selected, which is consistent but not as efficient comparing to the random-effects model. As a result, even though the R-squared value for the random model is higher, fixed-effects D r a f t 13 model is used due to its consistency which is more important for panel data models. In addition, R-squared value is generally a suitable measure for prediction, while the major purpose herein is to identify the significant effect of dependent variables.
Fixed-effects panel regression models involve subtracting group means from the regressors. In other words, only time-varying regressors are included in the model. Since IF does not vary with time, the subtraction of the group mean from this variable will result in zero values, and therefore it is excluded from fixed-effects model. As shown in Table 4 , for fixed-effects model, the significant effect factors include: climate conditions (precipitation, freezing index, and humidity), traffic (AADTT), pavement age, and area of fatigue cracking. As abovementioned, the fixed-effects model is selected based on the Hausman test. Fixed-effects models are designed to study the causes of changes within an entity, while OLS to study the causes of the entirety without time series effects considered. In this paper, both cross-sectional and time-series attributes of the data sets from various PM treatments are considered in the fixed-effects model, the significant variables of fixed-effects model may not be in line with the OLS method.
The impact of one unit change of the significant influencing factors on friction measurement is provided in Table 7 
CONCLUSIONS
Panel data analysis are conducted in this paper to identify the most influencing factors of friction for four preventive maintenance treatments using data from the LTPP SPS-3 pavement sites. A dozen of factors from three categories: characteristics of traffic, climate and pavement performance, are examined to evaluate their impacts on pavement friction. The fixed-effects panel model is determined to provide the best estimates for friction with the following findings from this study:
• Slurry seal is the most effective friction improvement among the four preservation treatments under study. Thin overlay and chip seal shows improvements of friction, while cracking seal doesn't cause apparent friction improvement as compared to performance of the control section.
• Several climate characteristics, including precipitation, freezing index, and humidity, have been determined to significantly affect pavement friction.
However, temperature is not a key factor affecting pavement surface friction based on the data used in the study.
• Traffic volume in terms of AADTT shows strong correlation with pavement friction, while AADT does not present significant impact on friction possibly due to the incompleteness of AADT data.
• It should be recognized that the data used in the study are obtained from the LTPP database, which are extensive but many important factors such as aggregate properties
are not directly considered due to the unavailability of the data. 234x139mm (300 x 300 DPI)
